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ABSTRACT 
 
 
Chronic traumatic encephalopathy (CTE) is a neurodegenerative tauopathy and 
TDP-43 proteinopathy that has been documented in individuals with a history of 
repetitive mild brain trauma, such as boxers and football players.  In addition to 
widespread deposits of hyperphosphorylated tau protein throughout the brain, there are 
also deposits of tau within the cerebellum of these individuals.  Clinically CTE is 
associated with word finding difficulties, aggressive tendencies, short-term memory loss, 
executive dysfunction, attention and concentration loss, explosivity, paranoia, depression, 
impulsivity, visuo-spatial abnormalities and dementia.  Interestingly, the symptoms found 
in boxers with advanced CTE are different from those reported in football players. 
Boxers with advanced CTE tend to have prominent gait and movement difficulties while 
these symptoms are rarely described in football players with CTE.  This study set out to 
compare the pathology found in two different regions of the cerebellum (cerebellar tonsil 
and the superior cerebellum) in boxers with advanced CTE, to the cerebellar pathology 
found in football players with advanced CTE.  These boxers and football players with 
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CTE were compared against age and gender matched individuals with no evidence of 
neurodegenerative disease. The clinical symptoms and microscopic pathology were 
compared between groups using conventional staining and immunostaining techniques 
(p62, GFAP, AT8).  We further support our findings by citing studies that report 
cognitive and emotional functioning of the cerebellum, cerebellar deficits following mild 
traumatic brain injury, and differing traumatic affects on the brain following either 
translational or rotational forces.  This study confirmed that boxers and football players 
with stage four CTE manifest clinical symptoms and cerebellar pathology indicative of 
CTE.  The dentate nucleus of the cerebellum often demonstrates significant tau 
pathology.  Additionally, we assert the possibility that the superior cerebellum shows 
more widespread pathology in football players with CTE, and that the cerebellar tonsil of 
boxers with CTE is often more heavily affected than in football players with CTE.  While 
these studies are intriguing, further studies should be conducted to precisely define these 
changes by sampling additional areas of the cerebellum, and including a larger number of 
brains. 
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 1 
Introduction 
 
 Chronic Traumatic Encephalopathy (CTE) is a slowly progressing 
neurodegenerative disease that occurs as a result of mild repetitive head trauma, or mild 
traumatic brain injury (mTBI).  CTE was first noted in boxers and described clinically in 
1928 by a New Jersey pathologist named Harrison Martland (Gavett, Stern, & McKee, 
2011; Martland, 1928).  Originally, CTE was termed Punch-Drunk Syndrome by 
Martland in reference to the outwardly inebriated appearance of individuals with a history 
of repeated blows to the head (McKee et al., 2009).  Other terms that have been used to 
describe individuals with CTE were “goofy,” or “slug-nutty”, dementia pugilistica, and 
also the “psychopathic deterioration of pugilists” (Courville, 1962; Gavett et al., 2011; 
Millspaugh, 1937).  These labels have been replaced by the preferred term Chronic 
Traumatic Encephalopathy (McKee et al., 2009). 
CTE is associated with cerebellar injury. In the landmark publication on CTE, 
J.A.N Corsellis and colleagues described the gross and microscopic pathology in the 
brains of fifteen boxers.  Many of the boxers in this group presented with typical punch-
drunk symptoms, and additionally with varying degrees of dementia and or parkinsonism 
(Corsellis, Bruton, & Freeman-Browne, 1973).  Classic cerebellar symptoms reported 
included: gait abnormalities, ataxia, nystagmus, dysarthria, tremors, slurred and slowed 
speech, and ptosis.  On postmortem examination, almost all showed atrophy of the 
cerebellum, cerebellar scarring that occurred significantly in the cerebellar tonsil region, 
scattered loss and degeneration of the Purkinje cells, reductions in the granule cell 
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population, gliosis, and white matter demyelination in addition to the typical changes of 
CTE (Corsellis et al., 1973).  
In contrast, in more recent case series of CTE involving predominantly American 
football players, there is little mention of cerebellar symptoms or cerebellar pathology 
(McKee et al., 2012; Omalu, Bailes, Hammers, & Fitzsimmons, 2010; Goldstein, Fisher, 
& Tagge, 2012). The preponderance of severe cerebellar damage in this series of boxers 
affected by CTE and the lack of cerebellar involvement in American football players 
prompted a detailed investigation of cerebellar pathology in recent cases of CTE and 
whether the pattern and types of injury differed between boxers and American football 
players.  In this study, we focused on the anatomical regions of cerebellar involvement in 
CTE, using immunocytochemical techniques to study the distribution of multiple 
abnormal proteins found in CTE. We hypothesized that there is widespread cerebellar 
pathology in CTE affecting football players and boxers, but that the severity of 
pathology, regional pattern and immunocytochemical profile of cerebellar involvement 
would differ between retired professional boxers with CTE compared to retired 
professional football players with CTE.  
 
Relationship of CTE to mild traumatic brain injury 
Annually 1.7 million people sustain a traumatic brain injury (TBI), many being 
athletes (“CDC - Statistics - Traumatic Brain Injury - Injury Center,” n.d.).  
Approximately 85% are considered mild TBIs (mTBI).  Of all the types of head injuries 
that can occur, repetitive mTBI is thought to be the main provocation for CTE 
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development, and can be concussive and sub-concussive in nature (McKee et al., 2009).  
MTBI occurs as a result of translational, rotational, and shearing forces that are imposed 
on the brain from the acceleration and deceleration of the head during, for example, an 
impact during athletic participation. Many different individuals are at high risk for mTBI, 
including war veterans who have experienced blast-induced head injuries, and in athletes 
who participate in football, hockey, boxing, soccer, or wrestling. Due to the mild nature 
of most TBIs in sports, athletes recover from these injuries within days to weeks (McKee 
et al., 2009).  However, a small number of these individuals will go on to develop CTE 
(McKee et al., 2009).   
 
Incidence and prevalence of CTE after mTBI 
Currently the relationship is not known between the severity of injury and chance 
of developing CTE, nor the amount of mTBIs necessary to induce CTE.  However, it is 
hypothesized that the following factors correlate with severity of disease (McKee et al., 
2009): 
1. Length of participation in the sport that causes mTBIs. 
2. Increasing number of traumatic blows to the head. 
3. Age at which the repetitive head injury began; individuals who experienced 
mTBIs at a younger age develop more severe pathology of disease.  
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Genetic risk for CTE 
Those that carry an Apolipoprotein E (ApoE) ε4 allele may be more at risk of 
more severe TBIs and at a greater risk of developing CTE.  This may indicate that the 
provocation of disease and disease course may have a genetic component.  Regardless of 
what is required to incite CTE, once CTE begins to develop and begins to progress, the 
data suggests it continues to progress in the absence of any further trauma (McKee et al., 
2009).   
 
Clinical features and diagnosis of CTE 
 There is not a way to diagnose with certainty CTE in vivo, and diagnosis of CTE 
is only definitively made post-mortem.  There is promise in the use of biomarkers as a 
way of diagnosing this disease, but to date has not been completely brought to fruition 
(McKee et al., 2012).  Decreases of ApoE and Aβ concentration within the cerebrospinal 
fluid (CSF) have been seen in individuals who have suffered a TBI and may be of use in 
diagnosing CTE (Kay et al., 2003).  Neuroimaging also could aid in future diagnosis of 
CTE by detection of axonal trauma and pathology (McKee et al., 2009). 
 Individuals who have been diagnosed post-mortem with CTE have presented with 
a very unique set of symptoms.  CTE presents insidiously as declining attention, 
concentration, and memory, with dizziness and headaches.  Eventually, these initial 
symptoms progress to the development of poor insight, poor judgment, and dementia.  
Progressive slowing of muscle movements, a staggered gait, masked facies, impeded 
speech, tremors, vertigo, and deafness can develop in severe cases (McKee et al., 2012).  
 5 
Other symptoms include apathy, depression, irritability, impulsiveness, suicidality, and 
outbursts of aggressive or violent behavior (Millspaugh, 1937; McKee et al., 2009).  
Generally, these symptoms present years after experiencing the traumatic injury, with an 
average latency of eight to ten years (McKee et al., 2012).  Approximately 10-12% of 
individuals with CTE also develop motor neuron disease, as CTE with motor neuron 
disease (CTEM) (Gavett et al., 2011; McKee et al., 2012).  In most of these cases, the 
cognitive and behavioral symptoms of CTE present after the onset of motor weakness, 
atrophy, and fasciculations (McKee et al., 2012). 
  
Pathological characteristics of CTE 
Gross pathology 
A common finding during gross examination of a brain that has been affected by 
CTE is atrophy and a reduction in brain weight.  The atrophy frequently affects the 
cerebral cortex, medial temporal lobe, diencephalon, thalamus, mammillary bodies, brain 
stem, olfactory bulbs and cerebellum.  Enlargement of the ventricles of the brain, a 
cavum septum pellucidum, fenestrations of the septum, and scarring of the cerebellar 
tonsils may also be found (McKee et al., 2012; McKee et al., 2009; Gavett et al., 2011; 
Goldstein, Fisher, & Tagge, 2012; Corsellis & Brierley, 1959). 
 
Microscopic pathology 
Microscopically, CTE is characterized by the deposition of pathological proteins 
in neurons or glial cells within distinct areas of the brain.  Of those proteins, 
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hyperphosphorylated tau protein is the hallmark protein, and all six isoforms of tau are 
typically present (McKee et al., 2012).  The tau pathology principally exists in 3 forms: in 
the soma of neurons as neurofibrillary tangles (NFTs), in the cell body of astrocytes as 
astrocytic tangles (ATs), and in axons, dendrites of neurons, and in astrocytic projections 
as neuropil neurites (Gavett et al., 2011; Goldstein, Fisher, Tagge, et al., 2012; McKee et 
al., 2009; McKee et al., 2012).  Abnormal tau deposits, as NFTs, commonly affect the 
superficial cortical layers of the brain in layer II and upper third of layer III at the depths 
of sulci (Hof et al., 1992).  Characteristically, hyperphosphorylated tau protein will 
deposit in a multifocal and perivascular arrangement at the depths of cerebral sulci 
(McKee et al., 2012). 
As the disease develops, tau pathology is also found in various regions of the 
neocortex, medial temporal lobe, diencephalon, basal ganglia, brain stem, spinal cord, 
and cerebellum (McKee et al., 2012).  
The progression of CTE tau pathology, and the timing of symptom onset allows 
for a staging of disease, created by Dr. Ann C. McKee and colleagues.  Varying degrees 
of CTE are given a score from one to four, one being the least severe and four being the 
most severe.  Foci of perivascular, phosphorylated tau (p-tau) NFTs and ATs characterize 
stage one at the depths of sulci in the superior, superior lateral, or subcallosal frontal 
cortex.  Scattered axonal varicosities can be found in the white matter of the perivascular 
frontal cortex, subcortical white matter, and deep white matter tracts of the diencephalon.  
These findings typically correlated with patients who experienced headache, and a loss of 
attention and concentration (McKee et al., 2012). 
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Stage two CTE cases have all the pathology present in stage one.  P-tau NFTs in 
this stage have now spread to adjacent cortical layers around the instigating foci of p-tau. 
In addition, p-tau NFTs has spread to the nucleus basalis of Meynert and locus ceruleus.  
White matter changes in this stage include similar pathology to that of stage one, where 
multifocal axonal varicosities in the cortex and subcortical white matter are present.  
Stage two CTE cases were correlated with symptoms such as depression, explositivity, 
and short-term memory loss in addition to those symptoms found in stage one (McKee et 
al., 2012).   
Stage three CTE cases show on gross inspection mild cerebral atrophy, septal 
abnormalities, ventricular dilatation, and depigmentation of the substantia nigra and locus 
coeruleus.  Microscopically, dense p-tau deposition has spread to the medial temporal 
lobe structures, which includes the hippocampus, entorhinal cortex, and the amygdala.  
Wide spread deposition has now occurred in the frontal, septal, temporal, parietal, and 
insular cortices, as well as in the diencephalon, brainstem, and spinal cord.  White matter 
pathology at this stage has progressed to severe, diffuse axonal loss in the cortex and 
white matter.  A patient with this pathology typically presents with executive dysfunction 
and mild cognitive impairment with memory loss, visuo-spatial abnormalities, as well as 
the symptoms of the previous two stages (McKee et al., 2012). 
In stage four CTE, grossly the brain has undergone moderate to severe cerebral 
atrophy, as well as atrophy in the medial temporal lobe structures (hippocampus, 
entorhinal cortex, and amygdala), the thalamus, and mammillary bodies.  A cavum 
septum may be present, possibly with fenestrations or with a complete absence.  
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Dilatation of the lateral and third ventricles is a common finding, with the third ventricle 
disproportionately large.  The substantia nigra and locus coeruleus tend to be pale, 
indicative of neuronal loss in the region.  Microscopically, p-tau pathology is widespread 
in the brain and will include white matter structures.  At this stage considerable neuronal 
loss is evident with resulting gliosis, and often, hippocampal sclerosis. White matter 
pathology is similar to stage three, however more severe.  Clinically, patients that have 
been diagnosed post-mortem presented in life with dementia, word finding difficulties, 
aggressive tendencies, prevalent short-term memory loss, executive dysfunction, 
attention and concentration loss, and explosivity.  Coinciding with these symptoms, most 
patients also demonstrate paranoia, depression, impulsivity, and visuo-spatial 
abnormalities (McKee et al., 2012). 
 
How CTE is distinct from other tauopathies 
CTE shares many pathological features as other tauopathies such as Alzheimer’s 
Disease (AD), and Progressive Supranuclear Palsy (PSP) (McKee et al., 2009).  CTE is 
set apart from these other diseases in the following ways (McKee et al., 2012):  
1. Pathological tau protein has a predilection to deposit in superficial cortical layers 
in an irregular, patchy, perivascular arrangement at the depths of sulci.  Moreover, 
these deposits are found periventricularly and subpially.  These areas of 
deposition make CTE unique from other neurodegenerative diseases.  
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2. Deposition begins in the cerebral cortex then spreads to adjacent cortical areas. It 
affects the limbic system in moderate stage disease, followed by other regions of 
the brain in severe disease.  This progression is opposite that of AD.   
3. Neuropil neurites of CTE tend to be shorter and more rounded than that of AD.   
4. Development of tau-immunoreactive astrocytes. 
5. Amyloid-beta (Aβ) protein deposition is not a common finding. 
 
TAR DNA-binding protein 43 (TDP-43)  
Pathological TDP-43 protein deposition is also common in CTE, and widespread 
TDP-43 protein can be found in 80% of CTE cases.  Dense deposits of TDP-43 in the 
spinal cord and cerebral cortex are commonly present in cases of CTEM.  TDP-43 
pathology includes being skein-like or globular intracellular inclusions and neuropil 
neurites that occasionally co-localize with tau (McKee et al., 2012).  
 
TDP-43 deposition 
In stages one to three TDP-43 pathology is not abundant.  However, it can be 
found in different regions such as the cerebral cortex, medial temporal lobe, and 
brainstem.  TDP-43 deposition is severe in stage four with TDP-43 pathology found in 
the cortex, white matter, diencephalon, basal ganglia, and brainstem (McKee et al., 
2012). 
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Axonal and white matter pathology 
Classic CTE pathology typically develops after the development of axonal 
varicosities (McKee et al., 2012).  These varicosities can be immunoreactive for 
neurofilament, α-spectrin, hyperphosphorylated tau, and TDP-43 (Park, Liu, Shek, Park, 
& Baker, 2007; McKee et al., 2009).  Neuropil neurites that are immunoreactive for 
hyperphosphorylated tau, and in some cases TDP-43, are common manifestations in 
CTE.  Neuropil neurites can be either dot-like or spindle-shaped. Hyperphosphorylated 
tau and TDP-43 immunoreactive glial cell processes are also common.  Additionally, 
white matter pathology can include gliosis, small arterioles with thickened 
fibrohyalinized walls, perivascular hemosiderin laden macrophages, widened 
perivascular spaces, diminished white matter density, and demyelination (McKee et al., 
2009). 
 
Mechanisms of CTE progression 
Many hypotheses exist to explain how CTE progresses biochemically and how 
pathological tau is initially manifested and spread from one region of the brain to another.  
Normal tau protein is abundant in neurons of the central nervous system.  Additionally, 
normal tau protein is found at low levels within central nervous system astrocytes and 
oligodendrocytes.  Tau protein normally functions by stabilizing the microtubules present 
within a cell.  When these proteins are abnormally phosphorylated, detrimental pathology 
results and causes neurodegenerative disease (Shin, Iwaki, Kitamoto, & Tateishi, 1991) 
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Disease progression in CTE is hypothesized to be due to trauma that causes 
axonal injury and results in a cascade of changes.  These changes include intracellular 
calcium influxes, glutamate receptor-mediated excitotoxicity, and kinase activation that 
causes the hyperphosphorylation of tau.  It is hypothesized that these mechanisms cause 
the hyperphosphorylation and then misfolding of tau (McKee et al., 2012; Liang, Liu, 
Iqbal, Grundke-Iqbal, & Gong, 2009; Chen, Wang, & Tseng, 2010; Tran, Sanchez, 
Esparza, & Brody, 2011; Tran, LaFerla, Holtzman, & Brody, 2011; Schoch et al., 2012; 
Genis, Chen, Shohami, & Michaelson, 2000). 
How tau spreads throughout the nervous system is unknown.  It is hypothesized 
that tau is passed through neuronal synapses, glial- glial cell junctions, or through the 
CSF (McKee et al., 2012; Frost, Jacks, & Diamond, 2009; Guo & Lee, 2011; Soto, 2012; 
Hall & Patuto, 2012).  Furthermore, additional proteins such as TDP-43 might become 
apart of the disease process through “cross-seeding,” whereby   misfolded tau aggregates 
cause the misfolding of other proteins (Morales, Green, & Soto, 2009; McKee et al., 
2012).  This would explain the co-localization of pathological tau with other pathological 
proteins (McKee et al., 2012). 
 
Cerebellar dysfunction after acute mTBI 
 Impairments of motor function and coordination, along with cognitive deficits, 
are common after acute mTBI and suggest possible direct cerebellar injury from 
concussive and subconcussive impacts (Park, Liu, et al., 2007).  Typical motor function 
impairments after mTBI include hypotonia, ataxia including perturbations in gait and 
stance, irregular steps, lateral veering, dysmetria, tremors, dysdiadokinesis, and vertigo 
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(Peskind et al., 2011; Gijn, 2007). Alterations of speech (slurring, slowed speech, or 
mutism), and defects in visuo-motor control (e.g. nystagmus) that produce abnormal 
target-fixation and coordination of head movements have been reported following mTBI 
as well (Peskind et al., 2011; Iwadate et al., 1989; Louis ED, 1996). 
 
Cerebellar pathology following military mTBI   
Cerebellar pathology has also been reported in military veterans with a history of 
traumatic brain injuries, even when trauma has occurred remotely from the cerebellum 
(Viano et al., 2005; Park, Liu, et al., 2007).   
 
Cerebellar pathology in animal models of mTBI 
Purkinje cell loss, altered glucose metabolism, white matter pathology, and glial 
cell proliferation is described in the cerebellum following focal and diffuse TBI in animal 
models (Park, Ai, & Baker, 2007; Potts, Adwanikar, & Noble-Haeusslein, 2009).  Animal 
models using fluid-percussion injury (FPI), controlled cortical impact (CCI), weight drop 
impact acceleration injury (WDIAI), and rotational acceleration injury (RAI) report 
cerebellar dysfunction and injury following experimentally induced brain trauma (Potts et 
al., 2009).  While these studies are imperfect representations of what occurs in humans 
after athletic concussions or military traumatic exposures, they provide information 
regarding the biomechanics of cerebellar injury. 
FPI studies and CCI studies demonstrate similar findings, though CCI injuries 
tend to be more focal and induce more damage to the site of impact (Potts et al., 2009).  
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Examination of the cerebellum after FPI or CCI shows Purkinje cell loss, and activation 
of microglia and Bergmann glia as early as one day post-injury.  This continues for up to 
fourteen days post injury.  The posterior regions of the cerebellum are the most severely 
affected and the severity of pathology is dependent on the magnitude of the impact 
(Fukuda, Aihara, et al., 1996; Fukuda, Richmon, et al., 1996; Igarashi, Potts, & Noble-
Haeusslein, 2007).   
Animal models of TBI using WDIAI or RAI are thought to more closely resemble 
concussive injury in athletic participation because the skull is left intact and no focal 
contusions or hemorrhages result.  After WDIAI, there is diffuse cerebral edema and 
widespread axonal injury that includes the cerebellar peduncles (Foda & Marmarou, 
1994).  Trauma to the cerebellum is shown by reduced nitric oxide metabolites and blood 
flow to the region, and Purkinje cell degeneration (Hallam et al., 2004).  
 
RAI studies 
RAI studies are thought to resemble impacts during boxing.  They have been 
characterized by diffuse subarachnoid hemorrhages, cortical hemorrhages and 
astrogliosis in a murine model (Gutierrez et al., 2001).  In mice, these types of injuries 
caused brain edema, and a resulting excitotoxic microenvironment that resulted in 
extensive delayed neuronal cell death by either apoptosis or necrosis in various brain 
regions including the cerebellum (Runnerstam et al., 2001).  The cerebellum contained 
TdT-mediated dUTP nick-end labeling positive cells, which is indicative of apoptosis.  
Additionally, c-Jun (an inducible transcription factor during apoptosis) was found in the 
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nuclei of granule cells, and in the cytoplasm of Purkinje cells, Golgi cells, astrocytes, and 
microglia (Runnerstam et al., 2001).  A subset of the aforementioned granule cells 
showed colocalization of TdT-mediated dUTP nick-end labeling and c-Jun, also 
indicating apoptosis (Potts et al., 2009).  C-Jun was also found without dUTP nick-end 
labeling and could indicate neuronal regeneration in the cerebellum (Potts et al., 2009).  
RAI studies show axonal impairments including reductions in heavy 
phosphorylated subunits of neurofilaments within the molecular layer of the cerebellum, 
and also abnormal accumulations of neurofilament within the perikarya of neurons in the 
olivary nucleus.  This implicates a link between damage in the cerebellum and the olivary 
nucleus (Hamberger et al., 2003). 
A rotational model of injury to miniature swine that does not result in the 
hemorrhaging and contusions is considered to more closely reproduce injury to the 
human brain (Browne, Chen, Meaney, & Smith, 2011).  Swine, like humans, have 
gyrencephalic brains.  Significant axonal pathology was seen in the swine model.  Axonal 
bulbs and swellings were present that were immunoreactive for accumulating 
neurofilament protein.  This was found in the white matter of the cerebellum: within the 
roots of gyri at the interface of the grey and white matter and the deep white matter.  
Axonal varicosities can be discrete bulbs or periodic swellings (Browne et al., 2011).  
Additionally, accumulations of Aβ and tau protein that are colocalized with β-protein 
precursor and neurofilament are seen after RAI.  Aβ-containing plaque-like profiles were 
found in both the gray and white matter, and rich accumulations of tau and neurofilament 
inclusions were observed in neuronal perikarya post-RAI (Smith et al., 1999).  This 
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suggests that experimentally produced rotational traumatic injury on a gyrencephalic 
brain recapitulates some features of CTE pathology. 
 
Mechanisms of injury to the cerebellum 
Traumatic damage to the cerebellum can be caused by mechanical forces, 
metabolic changes, or presynaptic hyperexcitability (Potts et al., 2009).  Mechanical 
forces induce cerebellar pathology by causing contrecoup injury.  Contrecoup injury 
occurs because of the deceleration and inertial forces of an impact.  This causes the brain 
to strike the inside of the skull.  Purkinje cells in particular are susceptible to this type of 
injury (Potts et al., 2009).  Mechanical forces can also cause axonal shearing within the 
cerebellum that results in axonal pathology.  This includes cytoskeletal abnormalities and 
loss of cytoskeletal proteins (e.g. NF200, NF68) (Taft, Yang, Dixon, & Hayes, 1992; 
Povlishock, Marmarou, McIntosh, Trojanowski, & Moroi, 1997).  Traumatic axonal 
injury is a common component of mild and severe closed-head injury, including instances 
where the trauma is to the forebrain (Park, Liu, et al., 2007). Altered axolemmal 
permeability, impaired axonal transport, neurofilament compaction, and axonal swelling 
are also possible axonal impairments within the cerebellum following trauma (Park, Liu, 
et al., 2007).  Following mechanical damage, reduced compound action potentials (CAP) 
are seen in the middle/posterior white matter tracts leading into the cerebellum (Park, Ai, 
et al., 2007).  This is weakly correlated to heavy neurofilament breakdown, including 
NF200 and α-spectrin, with resultant compaction (Park, Liu, et al., 2007).   
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Metabolic changes occur after trauma to the cerebellum.  Altered metabolism 
often results in neuronal degeneration and pathology.  This could be in part due to 
ischemic conditions and/or crossed cerebellar diaschisis that are caused by the trauma 
(Alavi et al., 1997).   
Presynaptic hyperexcitability after TBI could lead to cerebellar damage by 
inducing an excitotoxic state.  Purkinje cells are vulnerable to excitotoxicity because they 
have a large number of connections to incoming neurons, including parallel and climbing 
fibers (Ai & Baker, 2002).   Additionally, inflammatory responses induced by trauma 
within the cerebellum, such as microglial activation, could result in damage and 
neurodegeneration (Potts et al., 2009). 
 
Blast mTBI and cerebellar damage 
Cerebellar damage has been demonstrated after blast mTBI. Using 
fluorodeoxyglucose positron emission tomography (FDG-PET), Dr. Elaine R. Peskind 
described the pathological findings in the cerebellum of twelve Iraq War veterans who 
suffered repetitive blast exposures and presented with persistent post-concussive 
symptoms.  There was consistently decreased cerebral metabolic rate of glucose 
(CMRglu) in the infratentorial structures (cerebellum, vermis, and pons), which is 
indicative of concussive impairment (Peskind et al., 2011),.  These individuals also 
presented clinically with deficits in verbal fluency, cognitive processing speed, attention, 
and working memory.  This is consistent with findings in individuals with cerebellar 
lesions.  Behavioral abnormalities including irritability, poor frustration tolerance, mood 
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swings, a tendency toward physical altercations with others, and disinhibition were also 
common in blast exposed individuals (Peskind et al., 2011).  These symptoms were also 
seen years after chronic TBI, along with olivary nuclei and Purkinje cell degeneration, 
and generalized atrophy of the cerebellum (Peskind et al., 2011).  These findings are of 
interest to this study because these findings show that the cerebellum is affected by 
concussion.  Additionally, many of the symptoms reported in blast exposed veterans have 
been reported in CTE. 
Blast injury has also been directly associated with CTE.  CTE-linked tau 
neuropathology has been described in blast-injured veterans that was indistinguishable 
from the tau neuropathology seen in young-adult athletes who have suffered repetitive 
concussive injuries (Goldstein, Fisher, Tagge, et al., 2012). 
 
Cerebellum and cognition/behavior 
 
A hypothesis proposed by Dr. Schmahmann describes a role of the cerebellum in 
cognitive and emotional processing, in addition to the cerebellum’s role in motor control 
(Jeremy D. Schmahmann & Caplan, 2006).  According to this hypothesis, cerebellar 
pathology could be a major contributor to the cognitive and behavioral impairments 
typical of CTE. 
The cerebellum’s role in cognition has been in part supported by patients with 
lesions isolated to the cerebellum, cerebellar tumors, cerebellar degeneration, superficial 
siderosis, cerebellar hypoplasia, cerebellar agenesis, or genetic disease (such as the 
spinocerebellar ataxias) that present with cognitive and psychiatric abnormalities (J. D. 
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Schmahmann, 2004).  The symptoms that commonly occur in these diseases are grouped 
under what is known as cerebellar cognitive affective syndrome (CCAS) (Jeremy D. 
Schmahmann & Caplan, 2006). CCAS symptoms include impairments of executive 
function (planning, set shifting, verbal fluency, abstract reasoning, working memory), 
spatial cognition (visual spatial organization and memory), linguistic processing 
(agrammatism and dysprosodia), and personality changes (illustrated by flattening or 
blunting of affect, disinhibtion, or inappropriate behavior) (J. D. Schmahmann, 2004). 
Deficits in attention, cognitive flexibility, and behavioral modulation with increased 
impulsivity and irritability are also seen in isolated cerebellar disease (Berquin et al., 
1998; Mostofsky et al., 1998; Castellanos et al., 2001; Malm et al., 1998).  These 
symptoms are set apart from motor abnormalities because cases with isolated cerebellar 
disease can occur with mild or no motor impairment (J. D. Schmahmann, 2004).  
 Further implicating the cerebellum in CTE symptom presentation is the Dysmetria 
of Thought hypothesis that underlies the presentation of CCAS (J. D. Schmahmann, 
2004).  The Dysmetria of Thought hypothesis describes how the cerebellum acts as a 
Universal Cerebellar Transform, where it functions as a modulator of not only motor 
function, but emotional and cognitive function (J. D. Schmahmann, 2004). This has been 
partly deduced by anatomic tract tracing studies that illustrate cerebellar, bidirectional 
connections to the autonomic, limbic, and associative regions of the cerebral cortex as 
well as with sensorimotor cortices (J. D. Schmahmann, 2004; Heath, 1973; Haines & 
Dietrichs, 1984; Andrezik, Dormer, Foreman, & Person, 1984; Schmahmann & Pandya, 
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1997).  In the case of CTE, compromise of these pathways may induce the myriad of 
symptoms seen.  
The uniform structure of the cerebellum further illustrates the potential for a 
cognitive/behavioral role.  The uniformity of structure suggests that similar work is 
performed throughout, whether it is motor or cognitive/behavioral work.  This implies the 
function of the cerebellum as a modulator requires specificity of anatomic subcircuits in 
the cerebro-cerebellar system, and indicates that a topographic organization of motor and 
cognitive function exists in the cerebellum where different areas interact precisely in 
different areas of the cerebral cortex (J. D. Schmahmann, 2004).  It is currently thought 
that the anterior lobe of the cerebellum is involved with motor control and the posterior 
lobe is concerned with higher order behaviors (J. D. Schmahmann, 2004).  Posterior lobe 
function is further differentiated, where the posterior lateral lobes participate in cognitive 
function, and the posterior vermis is considered to be the limbic portion of the cerebellum 
(J. D. Schmahmann, 2004). 
According to Dr. Schmahmann, when dysmetria occurs it is the result of 
impairment of the Universal Cerebellar Transform, and presentation depends on the 
region affected.  Dysmetria of the motor domain manifests as ataxia evidenced by 
irregular extremity movement, eye movements, speech, and equilibrium.  Dysmetria of 
the non-motor domain results in components of CCAS (J. D. Schmahmann, 2004). 
Should these hypotheses hold true, CTE symptoms could be affected in a myriad of ways 
depending on the region and/or the pathway that is affected.  This could provide further 
explanation of the symptoms seen in CTE.   
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Traumatic cerebellar injury in boxers vs. football players 
 
Athletes who participated in boxing and developed CTE differ in presentation 
clinically to athletes who participated in football and developed CTE. Boxers are more 
prone to develop subdural hematomas and brain-injury related deaths than pro-football 
players (Corsellis et al., 1973; B. D. Jordan, 2000; Martland, 1928; Viano et al., 2005; 
Unterharnscheidt, 1969; B. Jordan, 1987).  
Football and boxing impacts differ in the degree and type of forces during an 
impact to the head.  Impacts in boxing include a higher moment of inertia to a struck head 
than football, which results in higher rotational accelerations than translational 
accelerations to the head.  Professional football players sustain impacts that result in 
mostly translational acceleration.  The difference in forces may cause differing amounts 
of strain and shear imposed on neurons during an impact, where boxing is associated with 
greater amounts of strain and shear (Viano et al., 2005).  In addition, the differing 
symptoms between football and boxers with CTE could be a result of the contrasting 
forces imposed on the brain. 
 
Specific Aims  
 
Individuals affected by CTE exhibit symptoms of cerebellar disease such as 
ataxia, dysarthria, incoordination and balance problems, as well as cognitive and 
behavioral alterations.  Previous studies examining the pathology of CTE have 
demonstrated cerebellar involvement, including deposits of hyperphosphorylated tau 
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protein in the dentate nucleus.  The cerebellum is also vulnerable to injury after mild TBI, 
including sports-related concussion and military blast injury.  Furthermore, cerebellar 
pathology may play a role in disorders of cognition.  Yet despite the prominence and 
frequency of cerebellar involvement in CTE and mTBI, a detailed investigation into the 
anatomical and immunocytochemical patterns of cerebellar pathology in CTE has not 
been previously performed. We hypothesize that there is widespread cerebellar pathology 
in CTE affecting football players and boxers, and that the severity of pathology, regional 
pattern and immunocytochemical profile of cerebellar involvement will differ between 
retired professional boxers and retired professional football players with CTE.  
Specifically, this study will: 
1. Begin to describe and characterize the involvement of the cerebellum in chronic 
traumatic encephalopathy.  This study will focus on describing the pathology 
present in the dentate nucleus, the cortex and white matter in the regions of the 
superior cerebellum and the cerebellar tonsil. 
2. Identify and describe differences in cerebellar pathology of CTE among athletes 
from different sports.  This study will focus on contrasting retired professional 
boxers and retired professional football players with CTE. 
It is hoped that characterizing the cerebellar pathology of CTE will provide 
additional information regarding the pathology of CTE as well as explanations for some 
of the clinical symptoms.  Furthermore, exploring the differences of cerebellar 
involvement in athletes of differing sports may provide valuable information regarding 
the pathogenesis of CTE. 
 22 
Materials and Methods 
 
 The study was conducted on the cerebellum of seven former athletes, four of 
those being formal professional football players, and three being previous professional 
boxers.  The boxers ranged in age from from 73-94 years, and the football players ranged 
in age from 75-84 years.  These cases were chosen based on the following: 1. each had 
neuropathologically verified stage four CTE, 2. each participated in boxing or football for 
significant amount of time, 3. each was reported to have experienced multiple repetitive 
mTBIs over their career, and 4. each had no other neurodegenerative disease.  These 
brain samples were obtained from the Brain Bank of the Boston University Center for the 
Study of Traumatic Encephalopathy.  Additional cerebellar tissue was obtained from four 
cognitively intact individuals without a history of mTBI and without neurodegenerative 
disease as controls for the study.  These individuals ranged in age from 61-75 years of 
age.  These controls were obtained through the Framingham Heart Study.  Next of kin 
provided written consent for participation and brain donation.  Institutional Review Board 
approval for brain donation was obtained through the Boston University Alzheimer’s 
Disease Center and the Center for the Study of Traumatic Encephalopathy.  Institutional 
review board approval for post-mortem clinical record review, interviews with family 
members and neuropathological evaluation was obtained through Boston University 
School of Medicine. 
 
Neuropathological Examination 
The superior cerebellum, and cerebellar tonsil were sampled from these cases and 
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were processed into paraffin blocks.  Paraffin-embedded sections were stained with AT8 
(p-tau), Luxol fast blue-hematoxylin-eosin (LHE), Bielschowsky’s silver, glial fibrillary 
acidic protein (GFAP), and nucleoporin 62 (p62) (Refer to appendix for staining 
procedures).  
 
Analysis of AT8 
  
 The analysis of the AT8 staining on the cerebellar tonsil and superior cerebellum 
was completed semi-quantitatively.  The pathology of interest in the AT8 stain was 
neurofibrillary tangles, glial tangles, and neuropil neurites.  The sections were examined 
at 240X magnification.  Neurites and inclusions were scored separately within the cortex 
(molecular and granule cell layer), white matter, and dentate nucleus.  The scoring 
scheme was: 0 = no pathology seen, 1= One neurite/inclusion found, 2= 2-5 
inclusions/neurites found, 3= 6-8 neurites/inclusions found, 4= 8 or more 
neurites/inclusions found.  Statistical analysis was then performed on this data. 
 
Analysis of Bielschowsky-silver Staining/ Luxol Fast Blue-Hematoxylin-Eosin (LHE) 
Staining 
 
 A general pathological examination of the Bielschowsky-silver and Luxol Fast 
Blue-Hematoxylin-Eosin staining was conducted.  Pathology that consisted of scarring, 
gliosis, presence of hemosiderin, and pallor was noted.  A semi-quantitative assessment 
of the Purkinje cell loss using the Bielschowsky-silver staining was conducted on the 
superior cerebellum and the cerebellar tonsil of professional boxer and football player 
cases.   The cell count was conducted by counting the number of “baskets” containing 
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Purkinje cells (occupied baskets) and “baskets” without Purkinje cells (empty baskets) 
(Refer to Figure12 for representative occupied and empty baskets).  Approximately 250 
occupied baskets were counted per cerebellar section, while simultaneously taking note 
of empty baskets in the same fields.  This was done at a magnification of 100X.  Percent 
of cell loss was calculated.  Statistical analysis was then conducted on this data. 
 
Analysis of GFAP Staining 
 
 Following general pathological observations of the tissue sections, analysis of the 
GFAP staining was done semi-quantitatively.  The analysis was conducted at 100X 
magnification.  This stain was only used to analyze the tissue sections that sampled the 
superior cerebellum.  The dentate nucleus, the superficial white matter, the deep white 
matter, and the cortex were analyzed separately.  The cortex was further subdivided into 
the apex of the folia and the base of the folia, where the granule cell layer, the molecular 
layer and the white matter of the folia were analyzed.  The white matter was analyzed in 
two groups, the deep white matter and the white matter in the region of the cortex 
(superficial white matter).  The cortex was analyzed according to involvement of the 
molecular layer, and the granule cell layer.  The following scoring scheme was used to 
semi-quantitatively assess these regions: 0= no pathology, 1= minute pathology, 2= 
moderate pathology, 3= severe pathology.  Statistical analysis was then conducted on the 
data obtained. 
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Analysis of p62 Staining 
Along with an examination of general pathological features, an analysis of the 
p62 staining was completed semi-quantitatively.  This was done at 100X magnification.  
This stain was only used to analyze the tissue sections that sampled the superior 
cerebellum.  The dentate nucleus, the white matter, and the cortex were analyzed 
separately.  Additionally, the cortex was analyzed separately within the molecular and 
granule cell layer.  The following scoring scheme was used to semi-quantitatively assess 
these regions: 0= no pathology, 1= minute pathology, 2= moderate pathology, 3= severe 
pathology.  Statistical analysis was then completed on the data. 
 
Clinical Assessment 
 Clinical data was obtained through review of previous publications of CTE 
(McKee et al., 2012; McKee et al., 2009).  Statistical analysis was then completed on the 
data. 
 
Statistical Analysis 
 
 The pathological data obtained from the semi-quantitative analyses was averaged, 
and the standard deviation and standard error was calculated amongst the football, boxer 
and control groups.  For the GFAP, p62 and AT8 data, the averages of the data were 
plotted on a graph along with standard error bars.  The Purkinje cell count data was 
analyzed by calculating the percent cell loss for each individual.  The average percent 
loss for football player, boxer, and control groups was calculated along with the standard 
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deviation and standard error.  The average percent Purkinje cell loss was then plotted 
along with standard error bars.  Clinical data was also averaged according to symptom, 
and the standard deviation and standard error was calculated.  Additionally, statistical 
comparison between data sets was conducted using the Mann-Whitney U-test (P < 0.05) 
to determine significant differences between data sets. 
 
Results 
Clinical and Demographic Features of Boxers and Football Players 
The age at death of the boxers used in this study (age at death, range 73-94 years, 
M= 82.3 years, SD= 10.7) did not differ greatly from that of the football players (age at 
death, range 75-84 years, M= 79.6 years, SD= 4.0).  All were men and the age of onset of 
symptoms, years of education, and race did not differ significantly between the two 
groups.   The two races represented in this study were African-Americans and 
Caucasians. The majority of these cases died due to a failure-to-thrive associated with 
dementia.  Only one case had a family history of neurodegenerative disease.  A major 
difference between the boxers and football players was the total years of participation in 
their respective sports.  However, the mean years of participation of boxers (range 4-22 
years, M= 10.3 years, SD= 10.1) were the same as that of football players (range 18-20 
years, M= 10.1 years, SD= 1.2) (Refer to Table 1). 
The most severe symptoms found in both groups were memory loss, language 
difficulties, short fuse, aggression, and dementia.  The boxers reportedly had more severe 
headaches, impulsivity, paranoia, suicidality, language difficulties, visuo-spatial deficits, 
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apathy, gait, and parkinsonian features than the football players.  In contrast, football 
players were more likely to be depressed and have executive function deficits (Refer to 
Figure 1).   
 
 
Case ID Case A Case B Case C Case D Case E Case F Case G 
Sport Boxing Boxing Boxing Football Football Football Football 
Brain Weight 
(g) 
1220.00 1360.00 990.00 1450.00 1300.00 1380.00 1090.00 
Age at Death 73.00 80.00 94.00 82.00 78.00 75.00 84.00 
Age of Onset of 
Symptoms 
56.00 35.00 74.00 49.00 76.00 35.00 65.00 
Years of 
Education 
12.00 12.00 16.00 18.00 16.00 12.00 10.00 
Race C AA C C C AA AA 
Cause of Death FTT Sepsis FTT FTT resp. 
failure 
maligna
ncy 
FTT 
ApoE 3/3 3/4 N/A 3/3 3/3 3/4 3/3 
Family History negative brother: 
AD 
negative negative negative negative negative 
Years of 
Participation 
22 5 4 18 18 20 20 
Table 1. Demographics of boxers and football players.  Case A-C represent the boxer group and Case D-G 
represent the football player group.  ApoE genotype is signified by allele numbers.  FTT= failure to thrive, 
AD= Alzheimer’s Disease. 
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General Pathological Features of CTE in the Cerebellum of Boxers and Football players 
General inspection of the brain of all the cases revealed a reduction in brain 
weight and cerebral atrophy (Refer to Table 1).  Microscopic examination of the LHE 
and Bielschowsky-silver staining revealed no clear pathological findings that could 
differentiate between the boxers and the football players.  In both cases the presence of 
scarring within the folia of the cerebellum was evident due to the presence of gliosis, 
pallor, and increased eosin staining.  This scarring could be found throughout the 
cerebellum, but had a predilection for the apex of the folia.  At the base of the folia, 
demyelination of the white matter was evident. 
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Figure	  1. Clinical symptom severity comparison of the boxer and football player groups. 
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Hemosiderin was found within the apex of the folia, as well as perivascularly 
throughout the cerebellum.  Hemosiderin-laden macrophages were also found 
perivascularly. The dentate nucleus showed degeneration of the large neurons, along with 
deposition of hemosiderin perivascularly, white matter loss, and gliosis/astrocytosis.  In 
the cortex, Purkinje cell loss was remarkable, and axonal spheroids were seen near the 
Purkinje cell layer. Bergmann glia proliferation was also seen in the cortex, which 
extended through the Purkinje cell layer and into the molecular layer (Refer to Figures 12 
and 13). 
 
AT8, GFAP, and p62 Pathology of CTE in the cerebellum of boxers and football players 
Superior cerebellum AT8 Results 
Inspection of the AT8 staining of boxers and football players cases demonstrated 
possible differences in AT8 pathology severity between the boxer and football players in 
the superior cerebellum.  No pathology was seen in the control group.  Of all the cases, 
one football player (Case E) had widespread pathology throughout.  All cases had AT8 
pathology within the dentate nucleus.  Dentate nucleus pathology was more severe in 
boxers than in football players.  Also, neurite pathology tended to be more severe than 
NFT and glial tangle (GT) pathology.  Statistical analysis only showed significant 
differences between the neurite and NFT scores within the dentate nucleus of boxers and 
controls, as well as between football players and controls (Mann Whitney U-test, P < 
0.05).  No other region proved significance, nor did the comparisons between football 
players and boxers (Refer to Figures 2, 3, and 14). 
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Cerebellar tonsil AT8 Results 
AT8 pathology in the cerebellar tonsil of boxers and football players did not differ 
greatly from each other.  No pathology was seen in the control groups.  Statistical 
analysis did not show significant differences between boxers and football players.  
However, statistical significance was shown between boxers and controls, and football 
players and controls (Mann Whitney U-test, P < 0.05).  Between football players and 
controls, the NFT and neurite scores in the molecular layer, the cortex neurite scores, and 
the dentate neurite scores showed significance.  Between boxers and controls, the 
molecular layer, granule cell layer, and cortex neurite scores showed significant 
differences from controls. 
Dentate nucleus pathology was quantified to be more severe in football players 
than in boxers, while cortex pathology was more severe in boxers than in football players.  
This is corroborated by a higher frequency of pathology in the region of the dentate 
nucleus in football players and boxers, and a greater prevalence of cortex pathology in 
boxers than football players.  These findings were typically multifocal in nature and not 
continuous throughout the tissue sections.  Additionally, strong periventricular AT8 
positivity was seen in the majority of athletes in the cerebellar tonsil.  This finding was 
not included in the scoring of these cases in order to limit confounding variables when 
scoring the white matter (Refer to Figures 4, 5, and 14).   
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GFAP Results 
Inspection of GFAP pathology within the superior cerebellum of boxers and 
football players was not remarkably different between football players and boxers, except 
for the pathology found in the dentate nucleus. GFAP pathology within the dentate 
nucleus appeared to be more severe in boxers than in football players.  Moreover, GFAP 
pathology in the dentate nucleus of football players was more severe than in controls.  
However, statistical significance of GFAP staining scores in the superior cerebellum was 
only found between the dentate nucleus scores of boxers and controls (Mann-Whitney U-
Test, P < 0.05).  
The majority of cases showed greater GFAP positivity at the apex of folia in 
comparison to the base of the folia, including controls.  Though not corroborated by 
statistical evidence, differences in the intensity of staining between the athletes and the 
control groups were seen.  More uniform staining was seen extending from the apex of 
the folia to the base of the folia in athletes compared to controls.  Perivascular and 
periventricular GFAP was noted, however this was seen in controls and athletes alike  
(Refer to Figure 6, 7, and 15). 
 
P62 Results 
The majority of p62 pathology seen was non-specific in all groups, including the 
control group.  Statistical analysis of the p62 staining scores in the superior cerebellum 
that compared athletes versus controls, and boxers versus football players had no 
statistical significance (Mann-Whitney U-Test, P < 0.05).  However, the pathology 
 32 
present was consistent in all cases.  In one football player and one boxer, the presence of 
p62 within the large neurons of the dentate nucleus was identified.  P62 pathology was 
seen in Purkinje cells as well, however this was a rarity.  The following non-specific 
observations were made:  
Consistent pathology was present within the molecular layer where the deposition 
of globular deposits of p62 was found.  Deposits were also found in the Purkinje cell 
layer, granule cell layer, white matter, and dentate nucleus.  The largest deposits were 
consistently located within the molecular layer.  These deposits were also seen regularly 
in controls (Refer to Figures 8, 9, and 15). 
 
Purkinje cell count analysis 
 
Examination of Purkinje cell loss in the superior cerebellum, and cerebellar tonsil 
showed significant differences between groups.  There were significant differences in 
Purkinje cell death in the superior cerebellum, and the cerebellar tonsil between controls 
and football players.  There was only a significant difference in the superior cerebellum 
between boxers and controls.  There were no significant differences between football 
players and boxers (Mann-Whitney U-test, P < 0.05).   
Within the superior cerebellum, the control cases showed the least average 
percent Purkinje cell loss at 12.61%, while the boxer’s average percent cell loss was 
27.80%, and football players had an average percent cell loss of 27.54%.  Both the 
football players and boxers showed a wide range of cell loss counts. The cell loss in 
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football players ranged from 17.76% to 36.22%, and the cell loss in boxers ranged from 
26.04% to 31.32%. 
The cerebellar tonsil exhibited less cell loss in all groups compared to the superior 
cerebellum.  The control cases showed an average percent Purkinje cell loss of 5.93%, 
the boxers averaged 20.73%, and the football players averaged 17.21%.  Percent cell loss 
for the football player group ranged from 9.41% to 27.54%, where as the boxer group 
ranged from 19.09% to 22.36%. 
 
Figure 2. Average AT8 positivity score comparison in the superior cerebellum of football and boxer 
groups.  Refer to appendix for raw data. 
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Figure 3.  Frequency comparison of the presence of AT8 positivity between boxer and football player 
groups within the superior cerebellum.  Refer to appendix for raw data. 
 
Figure 4.  Average AT8 positivity score comparison between boxer and football player groups within the 
cerebellar tonsil.  Refer to appendix for raw data. 
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Figure 5.  Frequency comparison of the presence of AT8 positivity between boxer and football player 
groups within the cerebellar tonsil.  Refer to appendix for raw data. 
 
Figure 6.  Average GFAP positivity score comparison between boxer and football player groups within the 
superior cerebellum.  Refer to appendix for raw data. 
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Figure 7.  Average GFAP score comparison between boxer and football player groups within the cortex of 
the superior cerebellum.  Refer to appendix for raw data. 
 
Figure 8.  Average p62 positivity score comparison between boxer and football player groups within the 
superior cerebellum.  Refer to appendix for raw data. 
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Figure 9.  Frequency comparison of the presence of p62 positivity between boxer and football player 
groups within the superior cerebellum.  Refer to appendix for raw data. 
 
Figure 10.  Percent cell loss comparison between control, boxer, and football player groups within the 
superior cerebellum. Refer to appendix for raw data. 
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Figure 11.  Percent cell loss comparison between control, boxer, and football player groups within the 
cerebellar tonsil.  Refer to appendix for raw data. 
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Figure 12.  General pathological features found in both boxer and football player groups.  (A) Occupied 
basket with Purkinje cell neuron 200X. (B) Empty basket without Purkinje cell neuron 200X. (C) 
Bielschowsky-silver showing pallor of axons as they enter the folia of cerebellum 40X.  (D) Axonal 
spheroid near the Purkinje cell layer 200X. (E) Luxol fast blue-hematoxylin-eosin staining showing pallor 
of axons as they enter the folia of cerebellum 40X. (F) Pallor of axons and degeneration of large neurons 
within the dentate nucleus 40X. 
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Figure 13.  Additional general pathological features found in both boxer and football players groups. (A) 
Perivascular hemosiderin laden macrophages 400X. (B) Hemosiderin deposition within the cortex of the 
cerebellum 400X. (C) Scarring within cortex of cerebellum 40X (D) Scarring at apex of folia within the 
cerebellum 40X. (E) Bergmann glia proliferation 200X. (F) Bergmann glia proliferation 200X. 
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Figure 14.  AT8 positivity, the presence of hyperphosphorylated tau within the cerebellum of boxer and 
football player groups. (A) Cortex of the superior cerebellum in football player 100X. (B) Cortex of the 
superior cerebellum in boxer showing no positivity 100X. (C) Cortex of cerebellar tonsil in boxer 100X. 
(D) Cortex of cerebellar tonsil in football player 100X (E) Representative white matter positivity 200X (F) 
Representative dentate nucleus positivity 200X.
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Figure 15.  GFAP and p62 immunostaining.  (A) GFAP positivity in base of folia of control group 40X. 
(B) GFAP positivity in apex of folia of control group 40X. (C) Representative GFAP positivity of boxer 
and football groups in apex of folia 40X. (D) Representative GFAP positivity of boxer and football groups 
in base of folia 40X. (E) GFAP positivity in dentate nucleus of football player 40X. (F) GFAP positivity in 
dentate nucleus of boxer 40X (G) p62 positivity in white matter of cerebellum 40X. (H) p62 positivity in 
cortex of cerebellum, displaying large deposits 40X. (I) p62 positivity in dentate nucleus of cerebellum, 
large neurons display positivity 100X. 
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Discussion 
CTE is a neurodegenerative disease that is characterized by hyperphosphorylated 
tau protein deposition and in most cases, TDP-43 protein deposition.  It is seen in 
individuals that have suffered repetitive mTBI through the participation in high-risk 
activities, namely American football and boxing.  CTE presents with clear and consistent 
pathological and clinical findings that allow it to be distinguished from other 
neurodegenerative diseases (McKee et al., 2012, Gavett et al., 2011, Goldstein, Fisher, 
Tagge, et al., 2012, Daneshvar, Nowinski, McKee, & Cantu, 2011).  Though CTE is 
characterized by common pathological and clinical findings, individuals from varying 
backgrounds (in this study varying sports) have presented clinically with different 
symptoms and symptom severities.   The patterns of cerebellar pathology provide some 
insight into the clinical symptoms characteristic of CTE, as studies have shown that the 
cerebellum has cognitive and emotional functions as well as important roles in motor 
coordination and balance (J D Schmahmann & Pandya, 1997, Jeremy D. Schmahmann & 
Caplan, 2006) The purpose of this study was to further characterize the cerebellar 
pathology found in CTE, and to contrast the cerebellar pathology of football players with 
boxers. 
This study analyzed in depth the superior cerebellum and the cerebellar tonsil 
from seven different individuals: three individuals with a history of significant 
participation in boxing, and four individuals with a significant participation in American 
football.  All of these individuals presented with significant pathological findings within 
the cerebellum that was indicative of CTE, had gained ten or more years of education, 
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ranged in age at death from 73-94 years of age, had similar ages of onset of disease, and 
presented with typical symptoms of CTE. 
 
Clinical Symptoms/Demographics 
Demographic features between the football players and the boxers did not differ 
greatly.  However, years of participation between individuals did differ, some football 
player careers were much longer than that of the boxers.  This might indicate that boxing 
represents a higher risk activity for developing CTE than American football.  
Intriguingly, the presence of an ApoE ε4 allele in individuals did not correlate with 
increased symptom severity in individuals, nor did it correlate with increased 
pathological findings within the cerebellum. 
Both boxers and football players with stage four CTE exhibited a myriad of 
symptoms.  The symptoms that were more severe in boxers than football players included 
headaches, paranoia, visuospatial deficits, apathy, dysarthria, parkinsonism, and gait 
deficits.  In contrast, football players experienced greater mood disorder (depression), and 
executive dysfunction.  This suggests distinct pathological processes taking place within 
the brain related to different sport exposures.  Unfortunately, these findings could not be 
supported by statistical evidence. 
Though merely speculation, this could also suggest that certain areas of the 
cerebellum are preferentially susceptible to differing types of trauma.  This could occur 
because football players are primarily exposed to translational forces of impacts and 
boxers primarily sustain rotational forces of impacts (Viano et al., 2005).  This hypothesis 
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is supported by studies that show anatomical divisions of the cerebellum according to 
function and the Universal Cerebellar Transform/Dysmetria of Thought hypothesis (J. D. 
Schmahmann, 2004).  Should this hypothesis prove to be true it would help explain 
differing symptom manifestations seen in CTE.   
 
Neuropathological Findings 
Clear pathology is present in the cerebellum of both boxers and footballs players 
with stage four CTE.  This is readily supported by examination of both the superior 
cerebellum and the cerebellar tonsil.   
 
Statistical Relevance 
AT8 scores in the superior cerebellum show that the dentate nucleus is 
significantly affected in the cerebellum in both boxers and football players.  Furthermore, 
significance was shown between GFAP scores of boxers and controls, but not football 
players and controls within the dentate nucleus.  This may illustrate that disease within 
the dentate nucleus of the superior cerebellum is more severe in boxers than in football 
players. 
Significant tau pathology was seen in the cerebellar tonsil of football players and 
boxers.  Compared to controls, the molecular layer and dentate nucleus of football 
players displayed areas of significant difference, in contrast to boxers who showed 
significant difference in the molecular and granule cell layer of the cortex.  These 
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findings indicate substantial involvement of the cerebellar tonsil in boxers and football 
players with CTE. 
Percent loss of Purkinje cells additionally showed statistically relevant data.  
Comparatively to controls, football players had significant cell loss within the superior 
cerebellum, and cerebellar tonsil.  In contrast, boxers only showed significant cell loss 
within the superior cerebellum.  Though statistically this shows differences between 
football players and boxers, it cannot be fully appreciated because Purkinje cell loss 
could be due to other factors, such as hypoxia at time of death. 
 
General Pathological Features within the Cerebellum 
Trauma and pathological evidence was present in the regions sampled of both 
boxers and football players.  The presence of hemosiderin and perivascular hemosiderin-
laden macrophages, scarring, gliosis, cell loss, and axonal pathology (including axonal 
spheroids near the Purkinje cell layer) throughout the cerebellar sections were typical.  
The severity of the pathology was varied and no clear distinction between boxers and 
football players could be made.  Compared to control cases, the athletes had significant 
pathological change within the cerebellum.  It is possible that this is due to repetitive 
head trauma, or the presence of disease.  Findings in animal models that show indirect 
trauma can occur to the cerebellum when the instigating force is remote from the 
cerebellum corroborate these hypotheses.  Additionally, FDG-PET studies that show 
cerebellar involvement after blast trauma also support the hypotheses (Peskind et al., 
2011; Potts et al., 2009).   
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GFAP positivity appeared to be more severe at the apex of the folia than at the 
base of the folia in boxers, which differed from the football players and controls.  In 
general, the intensity of staining in athletes was visibly more intense than controls. 
Staining intensity within the dentate nucleus of boxers was greater than that of football 
players. 
Purkinje cell loss in the athletes was also found.  Interestingly, tau pathology 
rarely proved to be inside these cells.  This could be in part due to the mechanisms of tau 
development.  Purkinje cells are hardy cells, though unlike other neurons, when damaged 
they are limited in their ability to regenerate and repair (Potts et al., 2009).  This could 
show that rather than being a degenerative process, p-tau deposition is in fact a 
regenerative process by product.  In contrast, it is possible that Purkinje cells undergo 
apoptosis before tau pathology is able to develop. 
These findings indicate that there is distinct cerebellar pathology in the 
cerebellum of football and boxers with advanced CTE, pathology that is not found in age-
matched controls. 
 
Observable differences in pathology of boxers and football players 
Though no statistically significant difference was found in cerebellar pathology 
between boxers and football players, clear observational differences in the superior 
cerebellum and the cerebellar tonsil were seen.  This is primarily based on the presence of 
widespread pathology in the superior cerebellum of only one football player, and no 
boxers.   
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This case presented with tau pathology in the molecular layer and granule cell 
layer of the superior cerebellar cortex in addition to the pathology found in the dentate 
nucleus.  This finding could show that the superior cerebellum is more heavily affected 
than in boxers.  In contrast, GFAP staining observations suggest that the dentate nucleus 
in the superior cerebellum is more severely affected in boxers than in football players.  If 
these findings are corroborated with additional cases, then potentially the cortex of the 
superior cerebellum could be more severely affected in football players than in boxers, 
and the dentate nucleus is more affected in boxers.  
Defining features were seen in the cerebellar tonsil that separated the football 
players and boxers.  Both groups had tau pathology within the molecular and granule cell 
layer, and also a strong periventricular tau pathology presence.  However, boxers had 
more severe pathology than football players in the molecular and granule cell layer.  This 
is especially true when the neurite scores between the two groups are compared.  
Additionally, both presented with dentate nucleus pathology in this region.  Interestingly, 
football players had greater average tau scores in the dentate nucleus than boxers.  
Additionally, average percent cell loss of Purkinje cells in the cerebellar tonsil of boxers 
was greater than that of football players.  These findings suggest that the cerebellar tonsil 
pathology is more severe in boxers than in football players. 
 
Conclusion 
This study set out to characterize the cerebellar pathology seen in stage four CTE, 
and to outline the differences between athletes from different sports.  In this respect the 
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study was successful.  This study asserts that substantial pathology in boxers and football 
players exists in the cerebellum.  The dentate nucleus and the cortex of the cerebellar 
tonsil are regions that are affected in both boxers and football players.  Though some 
differences were observed between the two groups, at this time the study is not able to 
assert with validity that the progression of disease in boxers and football players is 
different.   
Differing clinical symptom severities between football players and boxers, and 
the differing presentation of microscopic pathologies suggest that the progression of 
disease in boxers and football players is different. It is hypothesized that the cortical 
pathology seen in the cerebellar tonsil is more severe in boxers than in football players 
and that the pathology seen in the superior cerebellum is more widespread in football 
players than in boxers.  Furthermore, the dentate nucleus in the superior cerebellum may 
be more affected in boxers.   
We hypothesize that the difference in clinical symptoms and microscopic 
pathology is due to differences in forces sustained by boxers and football players.  The 
boxer group had shorter careers than football players, yet had similar severity of 
pathology.  This could show that the forces sustained in boxing result in greater severity 
of pathology, and substantiates the claim that cerebellar pathology is different between 
boxers and football players. 
This study is a pilot study and is underpowered due to the small population sizes 
of the boxing and football groups.  To further this study larger sample groups, additional 
cerebellar regions, and cerebellar pathways in the brainstem should be analyzed. 
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Table 4.  Frequency of AT8 positivity in the superior cerebellum and cerebellar tonsil of boxer and football 
player groups. 
Table 5. GFAP positivity scores for boxer, football player, and control groups within the superior 
cerebellum. 
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Table 6. GFAP positivity within the superior cerebellar cortex of football player, boxer, and control 
groups. 
Table 7.  p62 positivity score data.   
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Table 8.  Frequency of p62 positivity within the superior cerebellum of boxer, football player, and control 
groups. 
 
 
Table 9.  Percentages of Purkinje cell loss within the superior cerebellum and cerebellar tonsil of boxer, 
football player, and control groups. 
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Staining Procedures 
 
Immunostaining Procedure (AT8, GFAP, p62) 
 
 The following materials will be needed to conduct the immunostaining in this 
study: 
1. Xylene 
2. Absolute alcohol 
3. Methanol/Peroxidase solution 
a. 3.3 ml of 30% H2O2 
b. Fill to 100 ml with absolute methanol 
4. PBS at pH 7.4 
5. 95% EtOH 
6. Pretreat Solution (can be 88% Formic Acid, pH 6.0 of citrate buffer, or pH 9.0 
TBS 
7. ScyTek superblock (#AAA500 
8. Primary Antibody (Ab) (AT8, TDP-43, SMI-34, or GFAP) 
9. ScyTek Anti-polyvalent Biotinylated Secondary Ab (#ABN500) 
10. ScyTek Horseradish Peroxidase (HRP) 
11. 3-amino-9-ethylcarbazole (AEC) Substrate: 
a. 20 μl ScyTek AEC chromogen (#ACD030) 
b. 1 ml ScyTek Substrate Buffer (#ACE500) 
12. Gill’s Hematoxylin (Vector H 3401) 
13. Aqueous Mounting Medium (ScyTek #AML500) 
14. Consul-mount (Shandon #9990440) 
 
Paraffinized tissue was cut at a thickness of 1 micron and then set on an adherent 
slide.  The tissue on the slide was then deparaffinized by treatment with three separate 
washes of Xylene, each 10 minutes long.  The slide was transferred into absolute alcohol 
and washed two separate times, each wash being two minutes long.  Following this wash, 
the slide was placed in 95% EtOH for two minutes and then washed under running water 
for five minutes.  This completed the deparaffinization. 
The slide was then placed into pH 7.4 PBS for storage.  Blocking of the slide with 
ScyTek superblock (#AAA500) followed, where approximately 20 drops were placed on 
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the tissue slide over the course of five minutes.   The tissue was then placed in the 
primary Ab, completely covered and allowed to incubate at 4°C for 24-48 hours.  After 
incubation the slide was removed and returned to room temperature.  Once at room 
temperature, the slide required rinsing with PBS three times over 10 minutes.  ScyTek 
Anti-polyvalent Biotinylated secondary Ab (#ABN500) was dropped on the section for 
30 minutes at room temperature, followed by three PBS rinses for 10 minutes.  ScyTek 
HRP (#ABL500) was then dropped on the section for 30 minutes, followed by another 
three PBS rinses for 10 minutes.  The AEC substrate was applied to the slide, until the 
section developed.  This reaction was terminated by placing the slide in dH2O followed 
by a wash in running water for 5 minutes.  The slide was then counterstained in Gill’s 
Hematoxylin by dipping the slide approximately 15 times.  Following this step the slide 
was washed in running water for 5 minutes and “Blued” in pH 7.4 PBS for 2 minutes.  
Then the slide was covered with aqueous mounting medium and allowed to dry at room 
temperature overnight.  Once dry, the treatment was finished by sinking the slide in 
Xylene and then mounting the slide using 2 drops of consul-mount. 
  
Bielschowsky-silver Staining 
  
The following materials will be needed to conduct the Bielschowsky-silver 
staining in this study: 
1. 20% aqueous silver nitrate 
2. Concentrated ammonium hydroxide 
3. Developing Solution 
a. 20 ml 37-40% Formaldehyde 
b. 100 ml distilled water 
c. 1 drop Concentrated Nitric Acid 
d. 0.5 grams Citric Acid 
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4. 5% Sodium Thiosulfate 
5. 1% Ammonia Hydroxide 
6. Ammoniacal silver solution 
a. 20% silver nitrate 
b. Approximately 40 mL of concentrated ammonium hydroxide 
i. This will be added drop-wise until solution turns clear 
7. Consul-mount (Shandon #9990440) 
 
Prior to beginning the procedure, the glassware and equipment was washed 
chemically with 10% bleach or nitric acid.  The paraffinized tissue was cut at 10 microns 
and applied to an adherent slide.   Deparaffinization and hydration of the tissue section 
followed using the deparafinization explanation found in the procedure for 
immunostaining, however, distilled water was used for this step.  The slide was then 
rinsed with distilled water again, placed in 20% silver nitrate, covered completely, and 
incubated for 15 minutes at 37°C.   The slide was then rinsed by placing it in distilled 
water.  The Ammoniacal silver solution was prepared by using the 20% silver nitrate 
solution used above.  The slide was then placed in the Ammoniacal silver solution and 
incubated for 15 minutes at 37°C.  The slide was then treated in 1% ammonium 
hydroxide for 3 minutes.  Two drops of developing solution per 100 ml of Ammoniacal 
silver solution was added, followed by placement of the slide in the resulting solution. 
Approximately 5 minutes was allowed for color development.  The slide was then placed 
in 1% ammonium hydroxide for 3 minutes, then in 5% sodium thiosulfate for 5 minutes, 
and then in distilled water three times, each for 5 minutes.  Dehydrating the section and 
mounting with 2 drops consul-mount finished the treatment. 
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Luxol Fast Blue-Hematoxylin-Eosin Staining 
 
The following materials will be needed to conduct the Luxol Fast Blue-
Hematoxylin-Eosin staining: 
1. Luxol Fast Blue (LFB) Solution, 0.1% 
a. Luxol Fast Blue,  1g 
b. 95% Alcohol  1L 
c. 10% Acetic acid  5ml 
2. Reducing Solution for LFB  
a. Sodium sulfite  50g 
b. Hydroquinone  10g 
3. Hematoxylin 1 (Richard Allen Scientific Cat# 7221) 
4. Eosin-Y (Richard Allen Scientific Cat# 7111) 
5. 2% Acetic acid 
a. 2 ml Acetic acid 
b. 98 ml distilled water 
6. 1% Ammonium hydroxide 
a. 1 ml Ammonium hydroxide 
b. 99 ml distilled water 
7. Shandon Consul Mount 
8. Xylene 
 
Prior to beginning staining procedure for LFB, the reagents were prepared.  The 
LFB solution was prepared by dissolution of the dye in alcohol and was left stirring 
overnight, and after 5 ml of 10% Acetic acid was added.  This was filtered prior to use. 
The tissue section was cut to a 1-micron thickness, and applied to a slide. 
Following this it was deparaffinized and hydrated to 95% ethanol.  The tissue section was 
then placed in LFB solution overnight at room temperature.  The container holding the 
solution and slide was sealed to avoid evaporation.  It was then placed in the following 
solutions in the this order: 95% alcohol for 5 minutes, 80% alcohol for 5 minutes, 70% 
alcohol for five minutes, and distilled water twice for five minutes.  Next, the slide was 
dipped approximately 10-12 times in reducing solution and immediately washed in 
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running water for five minutes.  The slide was then placed into hematoxylin for 3.5 
minutes and then placed under water for 2 minutes.  Treatment with 2% Acetic acid 
followed, where the slide was dipped 20-30 times.  Following this step, it was placed 
under running water for 2 minutes, and then dipped into Eosin-Y 20 times.  It was then 
dehydrated with 95% alcohol twice, then Absolute alcohol twice, each lasting 2 minutes.  
Following this step the slide was treated with Xylene three times, each lasting 5 minutes.  
Mounting the slide with Shandon Consul mount and applying the coverslip finished the 
process. 
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